Introduction
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UV (200-300 nm) induces two major lesions in DNA, the cyclobutane pyrimidine dimer (Pyr<>Pyr) and the pyrimidine-pyrimidone (6-4) photoproduct. Photolyases repair these lesions by using 350-500 nm photons as a second substrate, or cofactor.
Photolyases that repair Pyr<>Pyr and (6-4) photoproducts are evolutionarily related but functionally distinct. Thus, a given photolyase may repair either Pyr<>Pyr or photoproduct and accordingly, the enzymes have been classified as cyclobutane pyrimidine (CPD) photolyase and (6-4) photolyase (3) . For historical reasons, photolyase without further qualification means CPD photolyase and it will be used as such in this review. Photolyase has been found in many species from all 3 kingdoms of life but similarly some species from all 3 kingdoms lack the enzyme (see 2, 3) .
Crystal structures of photolyases from E. coli (6) and A. nidulans (7) have been determined. The crystal structure of E. coli photolyase will be summarized as representative of this family of proteins (Figure 1 ). The enzyme is composed of two domains: an N-terminal α/β domain (residues 1-131) and a C-terminal α-helical domain (residues 204-471) which are connected to one another with a long loop that wraps around the α/β domain. The MTHF photoantenna is bound in a shallow cleft between the two domains and the FAD cofactor is deeply buried within the α-helical domain. A surface potential representation of the molecule reveals a positively charged groove running the length of the molecule. A hole in the middle of this groove leads to the flavin in the core of the α-helical domain.
Photolyase recognizes the 30° kink caused in DNA by Pyr<>Pyr (8, 9) and makes a low affinity complex between the positively charged groove of the enzyme and the phosphodiester backbone of the damaged strand. Then, it "flips out" the dimer from The cyclobutane ring is split by (п s 2 + п s 2 ) cycloreversion and the flavin radical is restored to the catalytically competent FADH¯ form by back electron transfer following splitting of the cyclobutane ring. The repaired dinucleotide no longer fits in the active site pocket and is ejected back into the duplex, and the repaired DNA dissociates from the enzyme. It is thought that the (6-4) photolyase employs essentially the same mechanism as classical photolyase (10, 11) .
Cryptochromes
For over 125 years it has been known that blue light elicits several responses in plants including phototropism, photoperiodism (measuring day length) , and growth and development (12) . The nature of the blue-light receptor remained cryptic for a long time and the term "cryptochrome" was coined to refer to this mysterious pigment responsible for blue light responses (13) . Now it is known that plants contain at least 3 types of flavoproteins that would fit the original definition of cryptochrome: phototropin (14), FKF1 (15) , and the protein that is encoded by the HY4 gene of Arabidopsis thaliana that exhibits high similarity to DNA photolyase (16) . The HY4 encoded blue-light photoreceptor was the first putative plant blue-light photoreceptor discovered and hence it was assumed to be the elusive "cryptochrome" and was re-named as such (17 
Mammalian Cryptochromes
Discovery of Mammalian Cryptochromes. Based on exhaustive biochemical data, it has been concluded that humans and other placental mammals do not have photolyase (20) . Therefore, the report of a photolyase ortholog as an EST in the human genome database in 1995 (21) was unexpected and led to a re-evaluation of the previous conclusion. Hsu et al., (22) found that neither this protein nor a second one they subsequently discovered had photolyase activity, and suggested that these proteins must therefore perform other blue-light dependent functions in human cells, and named them human cryptochrome 1 and cryptochrome 2 (hCRY1 and hCRY2). Taking into account the information available on circadian photoreception at the time, it was proposed that these proteins may function as circadian photoreceptors.
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In mice and humans, the outer (back) retina that contains rods and cones is required for vision but not for entrainment of the circadian clock. The inner (front) retina contains the ganglion cells, the axons of which make up the optic nerve, and is sufficient to entrain the circadian clock in the absence of the outer retina (23) (24) (25) . For this reason, humans and mice that become blind because of retinal degeneration diseases that destroy the outer retina can still synchronize their circadian clock to the daily light-dark cycles (23, 26) . Indeed, even the brain centers for vision and circadian photoreception are separate (27, 28) . The visual center is located in the cortex whereas the circadian center is located in the midbrain in two clusters of neurons above the optic chiasma called the suprachisamatic nuclei (SCN).
To test the hypothesis that cryptochromes function as circadian photoreceptors, the expression pattern of Cry1 and Cry2 was analyzed. Cryptochromes were found to be expressed in all tissues; however, expression was high in the retina and restricted to the inner retina in both mice and humans (29) (30) (31) . In the brain, mCry1 was highly expressed in the SCN and expression exhibited a daily oscillation, peaking at about 2:00 pm and reaching its nadir at around 2:00 am (29, 30) . Thus, it appeared that cryptochrome was expressed in the appropriate places for setting the clock and for running it and gave credence not only to the hypothesis that cryptochrome is a circadian photoreceptor but also raised the possibility that cryptochrome is a component of the molecular clock (29) .
Subsequently, cryptochromes were found in Drosophila and all other insects tested as well as Xenopus and all other vertebrate animals whose genomes have been sequenced (3) (4) (5) . The most extensive studies on animal cryptochromes have been carried out with the mammalian and Drosophila cryptochromes. Below, our current understanding of the 7 mammalian cryptochrome will be summarized and where necessary reference will be made to the single Drosophila cryptochrome.
Biochemical Properties. Both human cryptochromes have been purified from HeLa cells expressing the Cry genes ectopically (32) and from E. coli as recombinant proteins (22) . Proteins isolated from both sources contain FAD and a pterin, presumably in the form of MTHF. However, both cofactors are at grossly substoichiometric levels relative to the apoenzyme precluding extensive characterization of their biophysical properties, including the redox status of the flavin in the native enzyme. The hCRY1 and hCRY2
purified from E. coli exhibit a near-UV absorption peak at 420 nm (22) . The Drosophila cryptochrome exhibits properties similar to those of human cryptochromes with a 420 nm near-UV absorption peak and 1-5% cofactor content (4,5).
At present, there is no crystal structure of any animal cryptochrome. Molecular modeling of the hCRY2 photolyase homology region reveals a photolyase-like structure including the positively charged DNA-binding groove (Figure 1 ) (32) . Both hCRY1 and hCRY2 bind with moderate affinity to DNA and with higher affinity to UV-damaged DNA but have no repair activity (32) . The DNA binding activity of cryptochrome might be an evolutionary relic of its common ancestry with photolyase. As in the case of AtCry1 (33, 34) , it has been reported that hCRY1 has an auto-phosphorylating kinase activity; however, this activity is not light dependent (33) and its relevance to a putative cryptochrome photocycle is unknown. In contrast to these biochemical activities of obscure significance, human cryptochromes interact strongly with several "clock proteins" to generate a transcriptional feedback loop called the molecular clock, summarized below (27, 28) .
Function of Mammalian Cryptochromes
Clock Function. The first direct evidence that cryptochrome plays a role in the normal functioning of the circadian clock came from the analysis of mice in which the Cry2 gene was knocked out: wild type mice in constant darkness exhibit a circadian rhythm of behavior, measured by wheel running activity, with an intrinsic period of 23.7 hours. The
Cry2-/-mice exhibited a period about 1 h longer than wild-type mice (Figure 3 ) (35) .
These data led to the conclusion that Cry2, in addition to any putative photoreceptor function, must have a light-independent role in the maintenance of the normal rhythm As a consequence, elimination of both cryptochromes results in constitutively elevated levels of Clock-Bmal1-controlled transcripts (37, 39) and hence molecular and behavioral arrhythmicity.
Cryptochrome as a Circadian Photoreceptor. Ironically, even though cryptochrome was introduced into the field of circadian biology as a putative circadian photoreceptor in mammalian circadian clock (22, 29) , it is now securely established as a key clock protein but its role as a mammalian blue-light photoreceptor is a matter of considerable debate and is far from proven. In fact, one widely held view is that cryptochrome functions as a circadian photoreceptor in Drosophila but it has lost its photoreceptive function in mammals and has became just another "cog" in the wheel of the molecular clock (40, 41) . Some of the findings that have led to this view will be discussed. First, in yeast two-hybrid assays it has been found that Drosophila Cry binds to the clock protein dTim in a light-dependent manner (42, 43) but the human cryptochromes bind to human Per1, Per2, Clock, and Tim proteins independently of light (44) . Second, Drosophila lacking all opsins and cryptochrome are circadian blind (45, 46) , whereas mice lacking rods, cones and cryptochromes exhibit residual photoresponses (47) . Finally, the clock in Drosophila peripheral organs (that contain no opsins but express cryptochrome) can be re-set by light (48) . In contrast, photoreception through the eye is essential for resetting the clock in mammals even though cryptochromes are expressed in all tissues (49, 50) . However, genetic ablation of rods and cones and melanopsin eliminates both visual and circadian phototransduction and these mice are completely insensitive to light (58, 59 ).
This last finding has given strong credence to the notion that classical opsins and This is a simplified scheme for mammalian circadian clock. Clock and Bmal1 form a heterodimer that binds to the E-box sequences of target genes and stimulate their transcription. Crys and Pers also make heterodimers in the cytoplasm, translocate into the nucleus and inhibit Clock-Bmal1-activated transcription (27, 28) . (B) Light Function.
Light signal received by the opsins in rods and cones in the outer (back) retina is transmitted to the visual cortex by the optic nerve (blue). Light signal received by both the rods and cones in the outer retina and by the cryptochromes and melanopsin in the inner retina (front) is transmitted to the master circadian clock, the SCN, by a specialized group of retinal ganglion cells constituting the retinohypothalamic tract (red) (4, 5) .
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